Measurement of energy relaxation in quantum Hall edge states utilizing quantum point contacts 



m 

o 

(N 

Oh! 

< 



CD 



a 



o 



> 

in 
i> 

^' 

o 
m 



X 



Tomohiro Otsuka,''^'Lj '^ Yuuki Sugihara,^'!!! Jun Yoneda,- Takashi Nakajima,''^ and Seigo Tarucha^' '■■'''* 

' RIKEN Center for Emergent Matter Science, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan 

Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan 

^ Quantum- Phase Electronics Center, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan 

Institute for Nana Quantum Information Electronics, University of Tokyo, 4-6-1 Komaba, Meguro, Tokyo 153-8505, Japan 

(Dated: April 30, 2013) 

We demonstrated a method to probe local electronic states and energy relaxation in quantum Hall edge states 
utilizing quantum point contacts. We evaluated relaxation lengths in the cases with electron tunneling and only 
with energy exchange between edge states. They were consistent with the results of previous experiments, and 
we have checked the validity of our method. We applied this method to measure the energy relaxation length 
around a hotspot in quantum Hall regimes and revealed the possible short-distance relaxation process as the 
relaxation due to energy exchange between edge states without electron tunneling. 
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Edge states in the quantum Hall regime' attract strong in- 
terests in basic science and application to quantum electronics 
in semiconductor micro devices. Quantum Hall edge states 
have long coherence lengths in solids and well defined chiral- 
ities,2:2. By utilizing these properties, interesting electronic de- 
vices, e.g. electronic Mach-Zender interferometers,'*-^ single 
electron sources,^ etc. have been demonstrated. Also, there 
are theoretical proposals to use quantum Hall edge states for 
quantum information applicationsiiii^ 

In many of the applications, local electronic properties of 
the edge states play important roles. Recently, experiments 
probing the local electronic states, non-equilibrium energy 
distribution and energy relaxation in quantum Hall edge states 
utilizing quantum dots as local probes have been reported;^— 
In the experiment, energy relaxation with a short relaxation 
length (3 /xm), which originates from energy exchange be- 
tween edge channels, was observed and the relaxation mech- 
anism was discussed using a microscopic model. ' ' A similar 
approach has also been used to probe the electronic states in 
the fractional quantum Hall regime. '^ 

In this paper, we measured the local electronic states in 
quantum Hall edge states using a different kind of probe: 
quantum point contacts (QPCs)jii^ We used the QPC probes 
to investigate the spacial change of the electronic states and 
evaluated the energy relaxation lengths. By comparing these 
results with previous experiments, we checked the validity of 
our method. Next, we applied this method to probe energy 
relaxation around a specific energy dissipation point, called 
a "hotspot" in quantum Hall regimes, which is formed near 
a gate by applying a large bias across the gate to create hot 
electrons'^. We revealed the mechanism of the short-distance 
energy relaxation around the hotspot. 

Figure [Ha) shows optical and scanning electron micro- 
graphs of the device. The device was fabricated from a 
GaAs/AlGaAs heterostructure wafer with sheet carrier den- 
sity 3.9 X 10'^ m"2 and mobility 52 m^A^s at 2 K. The 
two-dimensional electron gas is formed 60 nm beneath the 
surface. We patterned a mesa structure by wet-etching and 
formed Ti/Au Schottky surface gates by deposition. Five 
QPCs (QPCi - QPC5) were formed by applying negative volt- 
ages on the gates and each QPC was connected to each corre- 



sponding Ohmic contact Oi - O5. The distance from QPCi to 
QPC2 - QPC5 is 1.0, 3.1, 9.7 and 30.0 ^m, respectively. 

We applied a magnetic field perpendicular to the wafer sur- 
face and created quantum Hall edge states in the mesa. With 
the magnetic field of 4.05 T, quantum Hall states with filling 
factor 1^=4 were formed in the bulk. At this magnetic field, the 
spin splitting was not large enough to create fully spin split 
edge channels in our device at 2 K, so spin-degenerate two 
edge channels were formed in the device. We injected elec- 
trons from the Ohmic contacts Oq and Oi to the edge states, 
and created a non-equilibrium energy distribution by chang- 
ing the transmission of QPCi and the voltages applied on Oq, 
Vq, and Oi, Vi, respectively (Fig. [Ub)). We monitored the 
change of the local electronic states by measuring voltages at 
the Ohmic contacts O2 to O5. By adjusting the transmission 
ofoneoftheQPCs, QPC„(n = 2,3, ••• , 5), to2e2//i andthe 
others to 0, the outermost edge channel can interact with only 
one Ohmic contact 0„. The voltage observed at 0„, y„, re- 
flects the local electronic states of the outermost edge channel 
at the position of QPC„. With changing the distance d from 
QPCi by changing n, Vn will be changed, and therefore we 
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FIG. 1 : (color online) (a) Optical and scanning electron micrographs 
of the device. We prepared five QPCs to initialize and probe the 
local electronic states in the quantum Hall edge states, (b) Schematic 
of the device operation. We used QPCi to create a non-equilibrium 
electron distribution and QPCn("- = 2, 3, • ■ ■ , 5) to probe the local 
electronic states of the outermost edge channel. 



can get information of the energy relaxation with d. 

Energy relaxation in quantum Hall edge states can be clas- 
sified into two kinds of mechanisms. The first one is tunneling 
of electrons between edge states. '^'^ If electrons with higher 
energy tunnel to the edge states with lower electrochemical 
potential, energy relaxation to make the electrochemical po- 
tentials of the edge states equivalent occurs. The other is 
energy exchange between edge states without tunneling of 
electronsjii There is Coulomb interaction between the edge 
states and this enables energy exchange between them. En- 
ergy relaxation, which equalizes electron temperature of the 
edge states, occurs in this process. 

First, we measured the relaxation length of energy relax- 
ation with electron tunneling. To create a non-equilibrium 
energy distribution in the edge states which causes energy re- 
laxation with electron tunneling, we connect the inner edge 
channel to contact Oq and the outer edge channel to contact 
Oi by adjusting the conductance through QPCi to 2e^/h. We 
can create a difference in chemical potential /i between the 
inner and outer edge states by making a difference between 
Vq and Vi (Fig.|2a)). In this case, electrons in the outer edge 
channel with higher energy can tunnel into the inner channel 
contacting Oq. This accompanies energy relaxation. We can 
measure the relaxation length It by monitoring jj, of the outer 
channel through ¥„ at QPC2 - QPC5. 

Figure |3b) shows the measured 14, as a function of d. To 
normalize the value of T4, as Vi, we plot the numerical deriva- 
tive of I4,, dKi/dFi. If there is energy relaxation in this range 
of d, we can observe the decrease of dT/„/dVi,'^ however, we 
observe no such decrease up to d = 30 fim. This indicates It 
is much longer than 30 /im. This result is consistent with the 
previous experiments using local gates with longer distances 
(over 100 ^m)."^'i^ 

Next, we measured the energy relaxation only with energy 
exchange between edge channels. To induce such kind of re- 
laxation, we set the conductance through QPCi to e^//i and 
made half of the electrons in the outer edge channel supplied 
by Oo and the remaining half by Oi. This results in the non- 
equilibrium energy distribution with two Fermi levels in the 
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FIG. 2: (color online) (a) Schematic of the experimental setup to 
probe the energy relaxation with electron tunneling. The conduc- 
tance of QPCi is set to 2e^//i. The inner edge channel is connected 
to Oo and the outer channel is connected to Oi. We can induce a 
difference in fi between edge channels by controlling Vb and Vi . (b) 
dVn/dVi as a function of d. No significant relaxation is observed. 



outer edge channel when we make a difference between Vq 
and Vi (Fig. [3la))f2Ji In this case, the energy can be trans- 
ferred from the outer to the inner edge channel because the 
outer channel can radiate energy in the process of the relax- 
ation from the non equilibrium energy distribution to the con- 
ventional Fermi distribution. We could measure this relax- 
ation length Ic by monitoring Vn of the outer channel at QPC2 
- QPC5 because the energy relaxation with electron tunneling 
is negligible on this short scale as we observed in Fig. |2] 

Figure [3lb) shows the measured dV^i/dV^i as a function of 
d. We observe that dy„/dVi abruptly decreases with d. This 
result shows that we can detect the change of the energy distri- 
bution through the change of Vn even in this case. '^ The solid 
line in Fig. Ob) is the fitting to the data with a simple exponen- 
tial decay and the best fitting is obtained for Zo of 3 ± 1 /im. 
This result is consistent with the previous experiments with 
quantum dotSfii 

These results support the validity of our measurement 
method with QPCs. The possible reason why ^c is much 
smaller than It is the following. In the case of relaxation only 
with energy exchange, the process needs only the interaction 
to mediate energy transfer between edge channels like the 
Coulomb interaction and therefore requires a short distance. 
On the other hand in the case of energy relaxation with elec- 
tron tunneling, the process needs electron tunneling between 
spatially separated edge channels, which requires a long dis- 
tance. Thus, the energy relaxation with energy exchange will 
first occur and be followed by relaxation with tunneUng of 
electrons on a long scale. 

Finally, we applied the method with QPCs to measure the 
energy relaxation around a hotspot. One kind of hotspot is 
known to be formed around a QPC when we apply a high 
bias across the QPC.'*" If the applied bias exceeds the potential 
barrier formed by the QPC, some electrons pass through the 
QPC and form hot electrons (Fig. |5a)). We measured the 
energy relaxation length around this hotspot with our method 
and discuss the possible mechanism of the energy relaxation 
from the information of the relaxation length. 
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FIG. 3: (color online) (a) Schematic of the experimental setup to 
probe the energy relaxation with energy exchange. The conductance 
of QPCi is set to e^ /h. The inner edge channel is connected to Oo 
and the outer channel is connected to both Oo and Oi. We can create 
the non-equilibrium energy distribution with two Fermi energies in 
the outer edge channel by controlling Vb and Vi. (b) dVii/dVi as a 
function of d. Decay of dKi/dVi is observed. The solid line is the 
result of fitting. 



Figure Ub) is the obtained results of dT^/dVi as a func- 
tion of d. We applied a high bias (up to 10 mV, which exceeds 
the potential barrier formed by the QPC of sub meV) on Oi 
to create a hotspot next to QPCi. The dKi/dV^i abruptly de- 
creases with d, indicating that there is energy relaxation on 
this length scale. The solid line in Fig. HJb) is the best fit to 
the data with the relaxation length Zh of 2 ± Ifim. This value 
is comparable with l^ and we can conclude the possible mech- 
anism of the energy relaxation on this length scale around the 
hotspot is the exchange of energy between edge states. 

In conclusion, we have measured the energy relaxation 
length of the quantum Hall edge channels utilizing QPCs. 
We confirmed the relaxation length with electron tunneling as 
> 30 fim and the relaxation length with energy exchange as 
3 ± 1 fim. From these results, we have checked the validity of 
our detection method. We applied this method to measure en- 
ergy relaxation around a hotspot and revealed that the possible 
mechanism is the energy exchange between edge channels. 
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FIG. 4: (color online) (a) Schematic of the experimental setup to 
probe energy relaxation around a hotspot. We set the conductance 
of QPCi to 2e^ /h and applied high bias across QPCi to form a 
hotspot. The inner edge channel has hot electrons supplied by Oi. 
(b) dVn/dVi as a function of d. Decay of dKi/dVi is observed. 
The solid line is the result of the fitting. 
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